with virtually all medical or surgical interventions, the benefits of CABG must be balanced against its risks. Both patient counseling and optimal clinical decision making require careful assessment of the risks and benefits of alternative strategies. To estimate this risk, the clinician must simultaneously consider many types of information, including characteristics of the patient, characteristics of the disease, results and performance characteristics of hemodynamic tests, and clinical acuity. This can be a daunting task. In addition, a number of biases may contribute to the difficulty of predicting the likelihood of an event.' Kahnemann et a12 and others3 have demonstrated that subjective probability assessment often is inaccurate.
Quantitative methods that identify factors associated with in-hospital mortality and the integration of this information by clinical prediction rules4 may benefit both clinician and patient. With respect to the shortterm outcomes associated with CABG, there are two relevant questions that can be answered by using the methods described in the present study. The patient asks, "What are my chances?" The answer is intuitively difficult to estimate yet may be readily and reliably calculated by these methods. The surgeon asks, "How am I doing?" That is, "How do the short-term outcomes of my patients compare with those of other physicians or to my own results last year?" The comparison of observed and predicted mortality rates can be readily achieved using these quantitative methods. Thus, the reliable and accurate multivariate prediction of risk is useful to the patient and to the clinician. Accurate estimation of clinical risk and the study of variation in this risk among patients and institutions has implications for patients, clinicians, and the health care system.5
It was the intent of the present study to develop a multivariate clinical prediction rule using logistic regression analysis, a statistical method that allows the calculation of a conditional probability of death. A regional prospective study of 3,055 consecutive isolated CABG procedures performed in northern New England provided an opportunity to identify patient and disease factors that are associated with in-hospital mortality and to develop and validate a prediction rule to estimate this risk. This rule makes use of data that are readily available before surgery, and it was validated using data other than that on which it was derived. The performance of the prediction rule was evaluated by comparison of observed and predicted mortality rates and analysis of the relative operating characteristic (ROC). (2) , liver disease with sequelae (e.g., esophageal varices, portal hypertension, hepatic coma) (3), and metastatic or multiple cancers (6) . The Charlson index is the summation of these weights (e.g., a patient with chronic lung disease and preexisting renal failure would have a comorbidity score of 3). For conditions that could be either preexisting or a consequence of surgery (e.g., renal failure or peptic ulcer disease), individual patient records were reviewed and the disorder was considered to be present only if it was present before surgery. There is no reason to restrict the use of this comorbidity index to retrospective studies. Prospective data collected before surgery can be used easily with this method.
Statistical Methods
Logistic regression analysis was used to assess the relation between patient and disease characteristics, and in-hospital mortality and was performed using the SAS PROC LOGIST program.'213 The logistic regression equation that was used to calculate multivariate odds ratios (OR) and tests of trend predicts the probability of an event (p) -in this case, in-hospital death-conditional on patient and disease characteristics specified by the analyst (X,-X,). A constant (1o) and a series of weights (1-,,) 15 The entire data set was divided randomly into a "training set" that was used to develop the clinical prediction rule and a "test set" to assess the performance of the rule when applied to data other than those on which it was developed. The dependent variable was in-hospital mortality.
The preferred measure of the resolution of a diagnostic system quantifies accuracy independently of the relative frequency of the events and also is independent of the diagnostic systems detection bias. The ROC, a measure developed in the field of signal detection theory, fulfills these criteria. It is a graphic representation of the relation between the true-positive rate (i.e., the sensitivity of the test) and the false-positive rate (i.e., 1-the specificity of the test .002) of in-hospital mortality than did individuals with a score of 0. In these data, 94.6% of the comorbidity was related to three diagnoses: peripheral vascular disease, chronic obstructive pulmonary disease, and diabetes mellitus. No other diagnoses, with the exception of preexisting renal failure (1.2%) and preexisting peptic ulcer disease (0.8%), were mentioned in more than 0.5% of CABG patients. The prevalence of comorbid conditions and their association with in-hospital mortality are summarized in Table 2 .
Individuals with a history of a prior CABG procedure had an approximately 3.5-fold risk (OR=3.6,p=0.0001) of in-hospital mortality compared with patients with no prior CABG procedure.
Cardiac catheterization measurements of ejection fraction and LVEDP were associated with in-hospital mortality. Low ejection fraction was associated with higher rates of in-hospital mortality (P,end=0.013 7 .38,p=0.689), indicating little departure from a perfect fit. ROC curves for the multivariate risk prediction rule were calculated. The performance of the prediction rule on the training set (i.e., the data from which it was derived) and its ability to predict in-hospital mortality on the test set data were compared (Figure 2 ). The nonparametric estimate of the area under the ROC curve for the training set was 0.74, whereas that on the test set was 0.76.
To study the performance of the prediction rule on subgroups of patients, the data were stratified by sex, age, LVEDP, ejection fraction, priority at surgery, comorbidity, reoperation, and BSA, and the respective areas under the ROC curves were calculated ( Table 5 ).
The total area under the ROC curve was 0.76. This was somewhat lower for women (0.66) than for men (0.78). Among the 6% of patients undergoing repeat CABG, the ROC area was 0.60 with a large standard error (0.067); otherwise, it was consistently close to 0.75, indicating that the prediction rule performs well among most subgroups of patients. Elucidating reasons for the poorer performance characteristics of the ROC curve among women and those undergoing reoperation will require further detailed studies with very large sample sizes.
Discussion
In this regional prospective study, a multivariate clinical prediction rule was developed and validated. This mathematical model is a highly significant predic- Second, there are actual differences in outcome associated with the individual medical centers and surgeons. This has been demonstrated to be substantial in these data but is not itself responsible for the entire difference between perfect and achieved prediction."
Third, unmeasured variables are likely to contribute to imprecision in this prediction model that describes risk using eight variables. The magnitude of this effect is difficult to determine. An indication that the effect is small in these data is the relatively small remaining area under the ROC curve.
Last, clearly, prediction is optimal with complete data. Yet, in real settings, data are not always available in a timely fashion. With respect to ejection fraction, Pierpont et al suggest substitution of an ejection fraction over 60 when ejection fraction is not available. This would obviously cause an underestimate of risk if the patient had a poor ejection fraction. In our data, those with missing ejection fraction had a mortality rate nearly identical to those with ejection fraction over 60; substitution of normal ejection fraction score for missing values seemed justified for our analysis. If the ejection fraction could be estimated from the ventriculogram, this value could be substituted for missing data. With respect to LVEDP, we have chosen to substitute the median value for missing data because, in our data set, those with missing data for LVEDP showed a mortality rate similar to those with midrange LVEDP Swets, areas "between 0.5 and 0.7 or so represent a rather low accuracy -the true-positive proportion is not much greater than the false-positive proportion. Values of A (area) between 0.7 and 0.9 are useful for some purposes, and higher values represent a rather high accuracy."
The ROC has a number of desirable characteristics as a performance metric for multivariate prediction rules. The area under the ROC is independent of the relative frequencies of the events (e.g., death rate). It also is unaffected by the diagnostic system's decision biases or decision thresholds. Last, it allows the comparison of different diagnostic systems by putting them on a common scale.
Further, this measure of performance often is readily available. The C statistic (also referred to as the concordance index), which is often calculated by many 1 
